.0001) with a poor correlation (r=.27). To achieve IVUS criteria for optimal stent expansion (ratio of 0.9 between IVUS-assessed cross-sectional area of stent and reference segment), an average of three additional balloon inflations with higher pressure and/or a larger balloon diameter were performed without adverse effects in 15 of 16 patients who initially did not fulfill these criteria. This resulted in a significant increase in stent MLD to 2.63±0.27 mm (IVUS, P<.0001 versus initial MLD) and 2.89±0.32 mm (angiography, P<.0002 versus initial MLD) and a better correlation between the two methods (r=.60). The IVUS guidance led to a 40+15% increase of the minimal stent cross-sectional area with an additional time consumption of 21 minutes on average.
Conclusions This study demonstrates the application of a combined imaging balloon catheter for delivery and ultrasound-guided expansion of Palmaz-Schatz coronary stents. IVUS offered a comprehensive insight into the stented coronary segments, revealing a substantial overestimation of stent dimensions by angiography. IVUS guidance led to a significant improvement of stent expansion. This additional lumen gain, which was not discernible by angiography in most patients, might result in a reduction of subacute stent thromboses as well as restenoses. (Circulation. 1994; 90:1252 -1261 Key Words * ultrasonics a stents * angioplastyangiography C oronary stenting is a safe and effective method to treat abrupt vessel closure.1-7 Recent studies have shown that it is currently the only available technique to reduce the frequency of restenoses after percutaneous transluminal coronary angioplasty in de novo lesions.8'9 These benefits, however, do not necessarily translate into improvements of the overall or cardiac event-free rate10 because of subacute stent thrombosis and bleeding complications.1""2 The amount of initial lumen gain within the stented segment currently appears to be a major determinant for luminal patency during long-term follow-upl3"4 and also seems to be inversely correlated to the incidence of subacute stent thrombosis." Detailed information concerning the morphology and true dimensions of the coronary target lesion, adjacent segments, and stent expansion pattern are essential prerequisites for achieving an optimal lumen gain within the stent. However, because of well-known limitations, coronary angiography as a silhouette technique cannot provide all of these prerequisites.15 In contrast, intravascular ultrasound (IVUS) is a high-resolution tomographic technique for valid quantifications of coronary artery diameters and cross-sectional areas even in irregular and eccentric lesions. [16] [17] [18] [19] In addition, IVUS allows the assessment of dimensions and characteristic features of different components of the vessel wall.20'2' In the clinical setting, this method has been shown to be a safe diagnostic tool in conjunction with interventional procedures.22-24 However, in these indications, the transformation of the sonographic information into procedural consequences requires multiple exchanges between the interventional and IVUS device. This not only is time-consuming but could even be harmful immediately after stent delivery.
To circumvent these potential limitations of IVUS guidance, we used a new combined ultrasound balloon catheter for deployment and ultrasound-guided expansion of Palmaz-Schatz coronary stents. The purpose of 
Combined Imaging and Balloon Catheter
The combined imaging and balloon catheter (Oracle Micro, Endosonics Corp) has a complete over-the-wire design and consists of a low-compliance polyethylene balloon with low crossing profile (0.033 inch for a 3.0-mm balloon). The shaft and probe diameter of the catheter is 3.5F. A 64-element transducer is located at the proximal site of the balloon and operates at a frequency of 20 MHz (Fig 1) .
Study Protocol
Coronary balloon angioplasty was performed via a transfemoral approach by use of a large-lumen 8F Judkins guiding catheter (Cordis Corp) and a 0.014-inch guide wire (Advanced Cardiovascular Systems Inc). A conventional balloon catheter was initially used in the 11 patients with an unplanned stent procedure. With the indication for coronary stenting given, the combined imaging balloon catheter was introduced. Background subtraction was performed within the ascending aorta to reduce ring-down artifacts of the array. The size of the balloon catheter (3.0-or 3.5-mm balloon diameter) was chosen according to the angiographic estimation of the average proximal and distal reference segments with a tendency toward a slight oversizing except for those patients showing calcification within the lesion during fluoroscopy. In patients with recurrent or de novo stenosis, the lesion was predilated with the combined balloon imaging catheter at nominal pressure (6 to 8 atm) before stent deployment. After an intracoronary administration of nitroglycerin (250 mg) and under continuous video registration (S-VHS, Panasonic 7330-E, Matsushita Electric Inc), the balloon catheter was moved forward to measure the target lesion, including the proximal and distal reference segments. After the catheter was removed, biplane cine angiography was performed simultaneously in two orthogonal views without foreshortening or vessel overlap for correlative measurements. performed oni-line by use of the intergrated softw are v ithin the echo machine (Cathscanner. Endosonics C(orp). Regardless of the angiographic appearance of the stcilted lesionl. balloon inflations w ith higher inflatiton pressure. longer inflation duration, and or use of' a lareer balloon diarmeter were performeid to achieve the IVUS criteria of optimal stent expansion. These criteria conlsisted of anl optillial vessel vsall attaichment of the stent filaments (Fig 2) After every procedure, the imaging catheters used were tested for correct distance calibration by measurements within a 2.5-to 4.0-mm cylindrical phantom.
Image Analysis IVUS Measurements
Consecutive IVUS images of optimal quality showing the central and coaxial position of the echo probe were digitized off-line into a 640x480-pixel matrix (MediaGrabber, RasterOps Corp) linked to an Apple Macintosh computer. Minimal diameters and cross-sectional areas of stented and reference segments were determined from representative IVUS images by the use of standard image analysis software (Image 1.40, NIH). The validity of IVUS measurements with the electronic imaging system has been shown in vitro as well as in vivo by others.25-27 The reproducibility of IVUS dimension measurements was assessed by analysis of repetitive IVUS pullback sequences at three distinct locations, eg, within the proximal and distal reference segments to stent transition as well as within the tightest portion of the stent. Thereby, the difference between two measurements (mean±SD) at 
IVUS-Related Procedural Effects
In only 1 of these 16 patients did the initial result reach the IVUS criteria of an optimal stent expansion. In 15 patients who initially did not fulfill the given IVUS criteria, two to six additional stent dilations were performed. The inflation pressure was increased in all patients from 7.4+1.7 to 9.3+1.3 atm, with an average inflation time of 35±17 seconds. A second balloon catheter was necessary in 6 patients (38%). In 4 of these patients, a larger balloon was chosen, whereas in 2 patients with calcified lesions a noncompliant balloon of the same or even a smaller size was used to carry out stent dilations at high pressure. Thereafter, the mean balloon diameter in all patients increased nonsignificantly from 3.2±0.3 to 3.3±0.2 mm ( (Fig 3) . The correlation between the two measurements was very poor (r=.27). Accordingly, the residual diameter stenosis assessed by IVUS was more pronounced (29±12%) compared with angiography (13 ± 16%). The mean difference of the angiographic minimal lumen diameter compared with the corresponding IVUS measurement was +22.3% (range, 0 to +59%). The final minimal stent diameters after the stent expansions determined by IVUS and angiography were optimized were 2.63±0.27 and 2.89±0.32 mm (P<.003) (Figs 3 and 4) , and the final percent diameter stenoses were 14±11% and 5±15%, respectively (Tables 2 and 3). The difference between the angiographic and the corresponding ultrasonographic measurements decreased to 9.9% (range, -3% to +36%). Accordingly, the correlation between angiographic and sonographic measurements of the final minimal stent lumen diameter was closer than immediately after stent deployment (r=.60). (Fig 5) . The increase of minimal stent lumen area resulting from the IVUS guidance was 11% to 81%; mean, 40±15% (Fig 6) (10-mm) , noncompliant balloon catheters currently under investigation for optimizing stent expansion could help to overcome these problems. However, because of the relative radiolucency of the Palmaz-Schatz stent, the true in-stent location of these balloons, which would be obligatory for the rationale of their use, might not always be discernible by fluoroscopy. In this study, the reference segment diameters 
Study Limitations
As with any in vivo comparison of IVUS and angiography, we acknowledge the lack of a valid reference method for coronary dimension measurements in this study. However, the homogeneity of the data and the increasing correlation of both methods with further stent dilations provide strong support for the validity of the IVUS measurements.
This report shows the feasibility and impact of the IVUS guidance of coronary stenting with combined balloon catheters but does not yet allow a conclusion regarding the clinical benefits of this special technique or of IVUS guidance during stenting in general. These questions have to be addressed by further controlled studies with larger patient populations.
Our definition of an optimal stent expansion according to the 0.9 ratio between the IVUS-assessed reference and minimal stent diameter is subjective. One can speculate whether it would be advantageous to further increase the stent expansion or whether it is sufficient to stay below this cutoff point. However, the approach chosen in the present study resulted in a significant increase of stent dimensions without any procedural complications.
Technical limitations still present are related to the design of the studied device. Because of the properties of the balloon material and an apparent pressure sensitivity of the echo probe (located near the balloon), high-pressure inflations could not be performed with this catheter. To improve a suboptimal IVUS result in cases with pressure-resistent lesions would necessitate the use of an additional noncompliant balloon catheter and thus offset the advantage of the combined device. stented lesion. This would allow for a less aggressive anticoagulant regimnen, which currently not only causes a
Conclusions
The combined imaging and balloon catheter used in this study has proved feasible for stent deployment with an acceptable success rate. The immediate imaging of the stented segment after every balloon inflation without the need for changing to a separate imaging device allowed guidance and improvement of the procedure with negligible additional time consumption and without evidence of an increased risk. The substantial overestimation of radiography compared with IVUS that occurred in many stented segments is probably due to the resolution limitations of the x-ray system and the complex and not always concentric shape of the stented lesion. The on-line IVUS dimension measurements within the stent revealed a suboptimal expansion pattern in the majority of cases. On the basis of these results, additional balloon inflations were performed, yielding a substantial increase of minimal stent lumen diameter and cross-sectional stent area. This increase of acute lumen gain could have considerable impact on the rate of acute complications after coronary stenting and on the frequency of restenoses.
